The distribution of size fractionated dissolved iron (DFe, <0.2 mm) species was determined in the upper water column (0e150 m) of the Canary Basin (25e32 N and 18e24 W) on a research cruise in October 2002. A DFe concentration gradient resulting from a decrease in both soluble iron (SFe, <0.02 mm) and colloidal iron (CFe, 0.02e0.2 mm) was shown to extend from the coast of North West Africa into the oligotrophic gyre (varying from w1 nM in the shelf region to 0.15 nM in the most off shore waters). At the time of this study, the dominant dissolved Fe input to the region was deduced to be the advection of shelf and upwelled waters rather than Saharan dust deposition.
Introduction
Iron plays a major role in the regulation of primary production in the oceans (Falkowski et al., 1998) and its biogeochemistry is dynamic in comparison with other trace metals (e.g. Zn, Cd) due to its low solubility and relatively short residence time in seawater (Bruland et al., 1994; Landing and Bruland, 1987) . The growth of phytoplankton in remote ocean regions can be limited due to low iron concentrations (Martin and Fitzwater, 1988) . Evidence for ironlimitation has been reported following in situ iron fertilization experiments in the high nutrient low chlorophyll (HNLC) regions of the Southern and Pacific Oceans (Boyd et al., 2000; Coale et al., 2004 Coale et al., , 1996 Martin et al., 1994; Tsuda et al., 2003) .
The transport of iron to the surface ocean occurs via several mechanisms, including fluvial inputs and deepwater entrainment (de Baar and de Jong, 2001) . Strong evidence that coastal upwelling and mesoscale eddies are a major pathway of iron transport to the open ocean has been reported (Chase et al., 2005; Johnson et al., 2005) . A significant fraction of DFe advected from shelf regions may originate from the release of iron following diagenetic reduction processes in shelf sediments , and advection of degraded organic matter and communities of microorganisms in productive regions may also contribute to Fe transport. Horizontal transport of dissolved and particulate iron has been shown to have an important impact on adjacent iron limited regions near the Crozet and Kerguelen Islands in the Southern Ocean (Planquette et al., 2007 (Planquette et al., , 2009 Blain et al., 2008) . In addition, transport of Fe rich particles to the subarctic North Pacific has been traced to continental margins (Lam et al., 2006) .
Atmospheric deposition provides an additional significant Fe input to surface waters, making this an important source for remote open ocean ecosystems (Duce and Tindale, 1991; Jickells et al., 2005) . The residence time of atmospherically derived dissolved iron (DFe, <0.2 mm) in the sub-tropical surface Atlantic Ocean has been estimated to be in the order of weeks (9e54 days) (Sarthou et al., 2003) to months (60e300 days) (de Baar and de Jong, 2001; Jickells, 1999) . Consequently, the seasonal and inter-annual variation of aerosol fluxes can cause large changes (0.1e2.0 nM) in surface DFe concentrations in the mixed layer of oceanic waters, which in turn, will cause changes to the resident microbial populations (Sedwick et al., 2005) .
The amount of DFe delivered by aerosol deposition of particulate iron will also vary depending on the dissolvable fraction of Fe in deposited aerosols. A recent survey of the solubility of Fe from aerosols collected in different Atlantic provinces showed considerable variation (1.4e54%), attributed to the aerosol source as well as their physical and chemical composition (Baker et al., 2006) . A similar solubility range of Fe from aerosols (0e53%) was also reported for de-ionised water leaches of Pacific aerosols (Buck et al., 2006) . Atlantic aerosol samples identified as Saharan dusts were found to have comparatively low solubility with a median of 1.7% (Baker et al., 2006) . Hence, a high percentage (>90%) of aerosol Fe of Saharan origin deposited over high dust impacted regions, such as the Canary Basin, will be unavailable to phytoplankton as it is rapidly removed from the surface waters by sinking.
Following dissolution from aerosol dust particles, the vertical distribution of DFe within the open ocean water column is largely controlled by the rates of scavenging and biological uptake, which depend on the speciation of iron. Workers have shown that >99% of DFe is strongly complexed by Fe binding ligands in seawater (Powell and Donat, 2001; Rue and Bruland, 1995; van den Berg, 1995) , and the nature of the Fe binding ligands will influence the biogeochemical cycling of iron (Ussher et al., 2004) .
DFe can be operationally divided into 'colloidal' and 'soluble' phases by the pore size of the filtration method used. Laboratory iron solubility studies in seawater have shown that ambient soluble Fe (SFe) concentrations generally exceed the Fe solubility of a purely inorganic matrix (defined as Fe passing through a 0.02 or 0.025 mm pore size filter) due to the presence of strong Fe binding ligands (Byrne et al., 2000; Kuma et al., 1998 Kuma et al., , 1996 Millero, 1999, 2002) . Furthermore, variations in Fe solubility (0.1e1.6 nM) in seawater from different depths have been observed following saturation with radio-labeled Fe (Kuma et al., 1996; Tani et al., 2003) . These experiments showed that the SFe concentrations in seawater varied significantly according to the composition and physico-chemical conditions of the seawater.
In the North Atlantic Ocean, the colloidal Fe fraction (defined as 0.02e0.4 mm) has been reported as highly variable, ranging between 0% and 95% in surface waters and 30e70% in deep waters (>3000 m) (Cullen et al., 2006; Wu et al., 2001) . Bergquist et al. (2007) concluded that the major variation in DFe in Atlantic surface waters was due to changes in CFe rather than SFe, as the latter remained relatively constant. This lead to the hypothesis that the residence times of different Fe species are likely to vary depending on their bioavailability and scavenging efficiency.
There have been relatively few reports of the variability of soluble Fe concentrations in oceanic provinces that receive high inputs of DFe. For this study, the Canary Basin was chosen as a suitable study area for examining Fe size speciation as the Fe fluxes to surface waters are high and variable. The dominant winds in the Canary Basin are the north-easterly trade winds, which cause significant upwelling along the North West African coast, coastal filaments and cyclonic eddies that cause offshore export of nutrients and organic matter (Barton, 1998; Pelegrí et al., 2005) . Furthermore, the region is situated under the seasonal transport path of the Saharan dust plume which transports large quantities of Fe in dust originating from arid regions in North Africa across the North Atlantic Ocean (Duce and Tindale, 1991) . It has been estimated that over a million tonnes of dust (>40,000 tonnes of Fe) are deposited over the Canary Islands region every year. However, the dust deposition in this region is episodic, occurring in pulses of 3e8 days and is highest during winter and summer (42% and 29% of the annual deposition occurring between JanuaryeMarch and JulyeSeptember, respectively) (Torres-Padron et al., 2002) . The high aerosol deposition in this region causes elevated downward fluxes of particulate iron in the water column, compared with other regions of the Northeast Atlantic (Kremling and Streu, 1993; Kuss and Kremling, 1999a,b) . Reported average particulate iron fluxes in the water column of the Canary Basin were around 4 times higher than those observed at stations between 30 and 55 N (Kuss and Kremling, 1999a) .
In this paper we report the results from a study of dissolved iron size speciation in surface waters (0e150 m) of the Canary Basin. The specific aims of the work were to (i) determine the spatial distribution of size fractionated iron species in this region and (ii) examine the variation in the colloidal and soluble Fe in this region in relation to vertical and lateral transport pathways and biological processing.
Methods
Surface water (5 m), shallow cast (0e150 m) and oligotrophic intermediate/deep water samples (150e5000 m) were collected on the RV Pelagia (Royal NIOZ, The Netherlands) along a defined grid (25e32 N and 18e24 W) west of the Canary Islands in the Eastern North Atlantic Ocean (Fig. 1 ). The 'IRONAGES III' cruise took place in autumn (2nde31st October) 2002. All casts (8e23) were undertaken in the morning between 08:30 and 09:30 h (local time), except for casts 13 and 15, which took place at 13:30 h and 15:00 h, respectively. Cast samples for DFe species were taken from precleaned, PTFE coated GoFlo bottles (General OceanicsÔ) which were deployed on a Kevlar line (de Jong et al., 1998) . After recovery, the bottles were immediately mounted in a laminar flow cabinet in a clean container. Underway surface water sampling was conducted between stations whilst the ship was steaming (w12 knots) using a trace metal clean towed fish deployed 5 m from the starboard side of the ship (Croot and Laan, 2002) . The towed fish was connected by PTFE tubing to a PTFE bellows pump (AlmatecÔ A-15), which provided a flow rate of approximately 3 L min À1 . The pump was driven by a compressor (Jun-AirÔ, model 600-4B) operating at a pressure of 1.5e2 bar.
Trace metal sample processing
All sample handling was conducted using trace metal clean protocols in a class 100 laminar flow hood inside a clean laboratory container. Samples for DFe were filtered through Sartobran cartridges (0.2 mm pore size, cellulose acetate membrane, SartoriusÔ), either in-line from the surface pump supply or using filtered nitrogen overpressure on the GoFlo bottles. Discrete cast samples for DFe were collected in 250 mL, acid washed, low density polyethylene (LDPE) bottles (NalgeneÔ) which were previously stored, filled with acidified high purity water (18.2 MU cm À1 , ElgaÔ, 0.01 M quartz distilled HCl, VWRÔ). Cast sample filtration was completed within 1.5 h after collection and the samples were then acidified (pH 1.9, quartz distilled HCl) and stored for laboratory analysis.
Sub-samples for soluble iron (SFe, <0.02 mm) were collected at cast stations following in-line filtration through 0.02 mm pore size, sealed syringe filters (25 mm diameter, AnotopÔ, Whatman). Prior to use, these filters were cleaned in-line according to the method of Wu et al. (2001) by washing each filter with 30 mL of 0.1% HCl followed by 60 mL of high purity water and 60 mL of sample. Instead of syringes, solution and samples were delivered to the filter via PTFE tubing (0.8 mm ID, Fisher) and pump tubing (PVC, Elkay) attached to a peristaltic pump (Minipuls 3, Gilson) set at 1 mL min À1 . For soluble iron determinations, samples were stored and analysed using the same method as for DFe, stated below.
Colloidal iron (CFe, 0.02e0.2 mm) was determined by calculating the difference between the two filtered fractions (i.e. CFe ¼ DFe À SFe) and therefore was an operationally defined fraction that excluded colloids outside of this size range.
Analytical methods
The acidified samples were stored in the dark for 4e6 months before analysis and all analyses and subsequent sample handling were conducted in an accredited (ISO9001:2000) shore based clean room. DFe and SFe were determined using FI-CL using luminol reagent with no added oxidant following a 12 h sulphite reduction step (Bowie et al., 1998) . All Fe data reported were the mean values of 4 replicate analyses on a single sample (where peak height was measured). It should be noted that a thorough interpretation of 'shipboard' DFe (using an acidification time of >24 h and different FI-CL analyser) and dissolved aluminium (DAl) are reported elsewhere (Kramer et al., 2004; Sarthou et al., 2007) .
The accuracy of the method used here was tested by the determination of DFe in an IRONAGES reference standard (bottle no. 233, Atlantic surface water (Bowie et al., 2006) ). The concentration determined was 0.55 AE 0.05 nM, which was within the standard deviation of the consensus concentration of a communitywide separate bottle intercomparison (0.59 AE 0.21 nM). SAFe reference seawaters (bottle numbers S530 and D160, North Pacific seawater (Johnson et al., 2007) ) were also analysed and DFe concentrations were 0.20 AE 0.02 nM and 0.91 AE 0.03 nM for the surface and deep samples, respectively. There was excellent agreement between the deep sample concentration and the community consensus concentration (0.91 AE 0.17 nM), whereas a positive bias (w0.1 nM) was found for the DFe concentration of the surface sample compared to the community consensus concentration (0.097 AE 0.043 nM).
More recently, the DFe analytical method was validated by analysis of five IRONAGES reference standards and the results for the same sub-samples were compared to those obtained by coprecipitation followed by isotope dilution inductively coupled plasma mass spectrometry (ICP-MS) . The mean concentration of the 5 samples was 0.549 AE 0.044 nM, when analysed by FI-CL, and 0.553 AE 0.050 nM, when analysed by ICP-MS. The mean concentration of the 5 bottles showed no significant difference (P ¼ 0.05) between methods.
Supporting oceanographic data
Supporting data were provided by workers from the Royal Netherlands Institute for Sea Research (Royal NIOZ) and included physical data from underway and CTD systems, chlorophyll a (Chl a) and nutrient data. Samples for nutrients (nitrate, nitrite and phosphate) were collected in high-density polyethylene sample bottles, filtered through 0.2 mm filter cartridges (Sartrobran-300, Sartorius) and stored in the dark at 4 C in a polyethylene cup. Nitrate, nitrite and phosphate were then determined spectrophotometrically using segmented flow analysis (Grashoff, 1983 ) on a Technicon TrAAcs 800 AutoAnalyzer within 8 h of sample collection. Samples for Chl a were collected on a GF/F filter, after filtration of w1 L of seawater. The filters were stored at À80 C and analysed by HPLC according to Veldhuis and Kraay (2004) . Discrete water samples were taken for direct analysis of the phytoplankton community using a Coulter XL-MCL flow cytometer (Veldhuis and Kraay, 2004) .
Results and discussion

Hydrography and aerosol fluxes
The upper water column (0e150 m) in the study area was stratified during the cruise period showing enhanced temperatures (18e26 C) and salinities (36.0e37.5), typical of North Atlantic Surface Water (NASW). Mixed layer depths (MLDs) varied between 30 and 60 m, with the shallowest MLDs (<50 m) observed in the north (casts 8, 10 and 11) and south east of the sampling grid (cast 20). The surface currents in the region were dominated by the south west moving Canary Current which flows approximately parallel to the North West African coast until the south west tip of Western Sahara at ca. 20 N, where it deflects offshore. As the closest sources of iron to the surface waters in this region were the adjacent land masses of Portugal and North West Africa, the physico-chemical underway/surface water data were plotted against the perpendicular distance between each sample station and the North West African coast (estimated as a line from 34 N, 8 W to 25 N, 16 W) (Fig. 2) . The underway temperature and salinity data for the surface waters (5 m depth) of the study area plotted versus the distance from the coast are shown in Fig. 2(a, b) . Surface water temperature ranged from a minimum between 22 and 23 C near Madeira (30e34 N, 15e17.5 W), to a maximum >25 C in the south west of the study area (25e28 N, 21e25 W). The highest salinity waters (<37.8) were located in the western side of the grid (23e26 W), whereas the lowest salinity waters (<37) were found <600 km from the coast which was indicative of mixing of NASW with waters of lower salinity near the continental margin.
The in situ aerosol fluxes of soluble iron to the Canary Basin were estimated from measured air concentrations for 12 time periods during the cruise and details of the methods and data can be found elsewhere . Generally, the aerosol fluxes were low for this region at the time of the cruise. The highest fluxes occurred at the beginning of the cruise (5e8th October) in the north of the study region with soluble iron fluxes to the surface ocean ranging between 180 and 673 nmol m À2 d À1 . The flux decreased significantly following this period and the range was <0.7e22 nmol m À2 d À1 for the remainder of the cruise. Satellite imagery also showed a decrease in monthly average aerosol optical depths following the summer months (JulyeOctober 2002) obtained by the MODIS satellite (http://modis-atmos.gsfc.nasa. gov).
Spatial distribution of dissolved iron species and major nutrients in surface waters
Nitrate concentrations in the surface waters (Fig. 2(c) ) were very low and varied from below the limit of detection of the spectrophotometric method (10 nM) to 80 nM, suggesting that surface waters of the entire region were depleted in nitrate. Phosphate concentrations (Fig. 2(c) ) were also low, existing between the limit of detection (9 nM) and 100 nM with the highest values near the coast. Surface DFe concentrations (Fig. 2(d) ) varied between 0.15 and 0.95 nM over the sampling grid and the range of data compared well with those of 'shipboard' DFe determined using another FI-CL method (0.16e0.76 nM ), and a study covering the region in October 2000 (0.2e1.2 nM (Sarthou et al., 2003) ). Lower and less variable DFe concentrations were observed in the northern and western transects, which were the furthest away from the North West African continental margin. The highest concentrations (0.50e0.95 nM) were found in the south eastern corner of the grid near to the shelf and coastal upwelling region.
The negative relationship between surface DFe and the distance from the North West African coast illustrates the role of the continental shelf as a source of iron for this area. The relationship was dissimilar to the spatial distribution of DAl, which is indicative of aerosol deposition and has a longer surface water residence time (3e4 years, Orians and Bruland, 1985) compared with Fe (3 weekse5 months; Sarthou et al., 2003; Bergquist and Boyle, 2006) . In contrast to DFe, DAl concentrations were highest in the furthest stations from the coast (Kramer et al., 2004) and it was concluded that a continental source of waters rich in Fe but not Al was influencing the DFe distribution . Hence, the overall advection of shelf and upwelled waters was considered to be the dominant source of DFe to this region in the months leading up to the cruise.
Vertical distributions of size fractionated Fe species compared with other variables in the upper water column
DFe, SFe and CFe were determined for all vertical profiles (Table 1) and plots of vertical distributions of iron species, along with cell counts, chlorophyll, nutrient and physical data are shown in Figs. 3  and 4 . Generally, the maximum Chl a concentrations and cell population counts were observed at the top of the nutricline and below the surface mixed layer at the hydrocast stations. At similar depths to the Chl a and cell count maxima, a nitrite maximum was observed which was used as a proxy for microbial activity. Chl a concentrations were low throughout the region (mean 0.13 AE 0.08 mg L À1 , 0e150 m).
Exceptions were at casts 18 and 20, near the North West African shelf, where concentrations exceeded 0.25 mg L À1 at the deep chlorophyll maximum (DCM). The taxonomy of the phytoplankton was dominated by small picoplankton (<2 mm), specifically Prochlorococcus spp., Synechococcus spp. and two groups of picoeukaryotes (Gerringa et al., 2004) . The cell number maximum ranged between 20 and 60,000 cells mL À1 and generally occurred within 30 m of the chlorophyll maximum.
DFe concentrations in the depth profiles ranged between 0.1 and 1.0 nM with a mean concentration of 0.42 AE 0.03 nM (n ¼ 71) for the study area. The DFe concentrations were consistently lower than the iron binding ligand concentrations, which ranged between 0.5 and 5 nM with a mean of 1.79 nM (n ¼ 47) (Gerringa et al., 2006) . The minimum shipboard DFe concentrations in the profiles reported by Sarthou et al. (2007) typically coincided with the Chl a maximum, indicating that DFe concentrations in the DCM were influenced by biological uptake and/or controlled by interactions with particles. However, there was generally no consistent vertical trend in DFe in the upper water column (<200 m) when all the profiles were compared. This can be explained, for the most part, by spatial variation in sources and sinks of iron in the region. Examples include (i) the low and sporadic dust deposition fluxes, (ii) iron supply by mixing and advection of shelf and upwelled waters and (iii) varying uptake efficiencies of populations of phytoplankton. Soluble and colloidal iron concentrations in the upper water column both varied between 0.05 and 0.7 nM. The variability of the two size fractions with depth was greatest at stations nearer the continental shelf ( Fig. 3) with % CFe (i.e. (CFe/DFe) Â 100%) showing standard deviations of 24.1%, 23.7% and 30.9% at casts 18, 20 and 23, respectively. The considerable vertical changes in ratios of the iron species in these near-shelf profiles support previous observations of dynamic cycling between dissolved and particulate Fe fractions in shelf waters, using stable isotope tracers in shipboard incubations (Hurst and Bruland, 2007) . There are several possible explanations for the vertical changes observed here. These include the effects of biological processing and aggregation (biological control), vertical changes in concentrations and speciation of colloidal matter due to poor vertical mixing (physical control), vertical changes in chemical processes (e.g. redox cycling) and the distribution of strong Fe binding ligands in the soluble and colloidal phase (chemical partitioning).
There is strong evidence that organic Fe-ligand speciation can change due to photochemical transformations such as photoreduction of Fe-siderophore complexes (Barbeau, 2006 and references therein) . Hence, photochemistry may play a role in the partitioning between SFe and CFe. However, the intensity of surface solar irradiance and the penetration of light through the upper water column at these stations would have been similar due to their close proximity. Hence this was unlikely to be the main cause of the variability observed between these different vertical profiles. Cullen et al. (2006) examined equilibrium partitioning of iron between soluble and colloidal ligands in Atlantic samples and showed that a large proportion of colloidal iron binding sites were 'inert' to Fe exchange whereas the low molecular weight SFe was sufficiently labile to exchange between size fractions. Therefore control by chemical exchange between the two size fractions would not explain the significant vertical gradients seen in CFe at these near-shelf stations.
In some cases, vertical changes in colloids and Fe speciation occurred alongside the mixing gradients of different water masses. This is best illustrated in cast 18 (Fig. 3) where a significant shift in iron size speciation was observed between the mixed layer and the seasonal thermocline. The vertical profile of organic speciation data reported for this station (Gerringa et al., 2006) showed decreasing dissolved Fe-ligand concentrations (L) from 3.96 nM, at 10 m to 0.83 nM, at 150 m. However, no major change in L occurred between the transition between the base of the mixed layer (25e60 m) and the top of the thermocline (ca. 80e100 m), reaffirming that Fe binding ligand concentration was not controlling Fe size speciation.
Interestingly, CFe concentration minima often coincided with the nitrite maximum (near to the DCM and cell population maxima) suggesting that biological activity was either affecting or being affected by the dissolved iron size speciation at these depths. Minima for CFe were also observed between 30 and 80 m in the central North Atlantic gyre suggesting that this is a common phenomenon. Possible explanations for this observation include the transformation of CFe into larger particles (e.g. aggregation with cells and particles) or biological processing of colloids (e.g. production of SFe or bioavailable Fe). Indeed, biological uptake or breakdown of Fe associated with colloidal matter may have occurred as Fe associated with biogenic and inorganic colloids can be bioavailable to certain species (Chen et al., 2003; Nodwell and Price, 2001) .
In contrast to the stations nearer the shelf, the fractionation at the most remote, less productive stations (Fig. 4) was less variable throughout the upper water column. The % CFe fraction for the vertical profiles had standard deviations of 13.7%, 16.1% and 8.0%, for casts 10, 11 and 13, respectively. This suggests the iron size speciation at these oligotrophic stations was less influenced by the microbial community and mixing, and that the vertical distributions of SFe and CFe were influenced more by chemical equilibrium between soluble, colloidal and particulate phases. This is supported by data from intermediate waters from a deep cast (cast 10 at 31.7 N, 22.0 W) ( Fig. 5 ). At this station, CFe concentrations constituted a major fraction of DFe (ca. 25e60%) in these waters, consistent with the high percentage of CFe observed in the DFe pool in the Northeast Pacific and North Atlantic Oceans (e.g. 13e50%, 200e600 m (Nishioka et al., 2001) and 30e70%, 200e6000 m (Wu et al., 2001) ). The intermediate waters in this area were influenced by intrusion of high salinity Mediterranean Outflow Water (MOW, 600e1500 m, salinity ¼ 35.6, temperature 7e10 C), which coincided with nitrate, phosphate and silicate maxima. Within these waters, % CFe was relatively consistent between 600 and 1300 m (38% and 41%, respectively) suggesting a steady-state between colloidal and soluble forms of Fe had been reached within this older water mass.
The data for cast 10 also showed that DFe increased from 0.3 to 0.4 nM in the surface waters (0e150 m) to 0.5e0.6 nM in deep waters. Determination of SFe and CFe size fractions showed that the depletion of DFe in the surface water coincided with low SFe concentrations which more than doubled with depth (0.14 nM at the surface to 0.32 nM at 1300 m). This was consistent with the concentration gradient for SFe reported by Wu et al. (2001) for two stations in the North Atlantic (22.8 N, 36.8 W and 34.8 N, 57.8 W) . In this case, the depleted soluble iron concentrations in the surface waters of cast 10 may reflect some preference of phytoplankton and bacteria in this oligotrophic region for the SFe fraction, as the most significant change with depth was observed at the base of the upper water column (100e200 m) below the euphotic zone. Although no iron binding ligand data were available for cast 10, another explanation for the observed SFe profile is that soluble Feligand concentrations were depleted in surface waters due to photodegradation and uptake, and enhanced at depth following regeneration below the euphotic zone. This explanation is more consistent with the conclusion that vertical changes in Fe binding ligands control vertical changes in Fe solubility in the open ocean. Strong evidence for ligands/seawater composition controlling SFe has been presented (Kuma et al., 1998 (Kuma et al., , 1996 Tani et al., 2003) where significant variability in the solubility of Fe with depth was observed in seawaters amended with high iron concentrations (100 nM).
The possibility of a relationship of SFe and CFe with particulate associated Fe was also examined using cast 10 data. Sarthou et al. (2007) showed considerable variability in particulate Fe (>0.2 mm) in this region with significantly higher concentrations found in the near-surface waters (0e25 m) and intermediate/deep waters (200e4000 m) with low concentrations between 50 and 150 m. Hence, SFe and CFe concentrations appear not to be closely linked to in situ particulate Fe concentrations, especially in the more dynamic surface waters.
Variability in soluble and colloidal Fe concentrations over the Canary Basin
Overall, both SFe and CFe fractions formed a significant percentage of DFe in the Canary Basin and the mean % CFe (AEsd) was 42 (AE24) %. The variation in soluble and colloidal iron concentrations of all the data is shown in a histogram (Fig. 6) . Both fractions showed a skewed distribution towards lower concentrations (0e0.3 nM) with mean values of 0.25 and 0.21 nM, for SFe and CFe, respectively (n ¼ 58). The CFe fraction is likely to include Fe from aerosol fluxes to surface waters and recycled iron incorporated in organic matter. Nishioka et al. (2001) (0.1e0.8 nM) in the water column for two stations in the North Atlantic Ocean (22.8 N, 36.8 W, September 1999 , 34.8 N, 57.8 W, July 1998 ) and a station in the North Pacific near Hawaii (22.8 N, 158.8 W) .
To test whether the negative trend in DFe with distance from the coast (discussed in Section 3.2) was a result of changes in either CFe or SFe, all of the cast size speciation data was integrated between 0 and 150 m depth (using trapezoid integration and assuming a 1 m 2 column of water). The data showed considerable scatter but the linear trends showed that the concentration of both CFe and SFe species decreased with distance from the North West African coastline (Fig. 7) . This is interesting as it is in contrast to the observation of the horizontal variability of surface open ocean DFe being predominantly related to variability in CFe . It also provides evidence that SFe can vary significantly between water masses depending on physico-chemical variables and the composition of the water.
Conclusions
A trend of decreasing DFe with distance from the North West African shelf in the upper water column of the Canary Basin was observed in October 2002, with no evidence of any large scale dust deposition during or prior to the study. The study showed that the trend was caused by decreasing concentrations in both SFe and CFe, and each formed a significant proportion of DFe (mean values of 0.25 and 0.21 nM, respectively) when the whole study area was considered. Greater vertical variability in both fractions was observed in the stations nearest the shelf and physico-chemical and flow cytometry data indicated that mixing and biological processes were controlling vertical changes in Fe size fractionation between SFe and CFe in this region. Further northwest, approaching the remote waters of the North Atlantic gyre, less variability in the vertical size fractionation of Fe was observed. This suggests that these waters were closer to a steady-state with respect to iron partitioning between dissolved size fractions. 
